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NEGATIVE COEFFICIENT FILTER FOR USE
WITH AC MOTORS

FIELD OF THE INVENTION

The present invention relates to systems for controlling
electric motors and, more particularly, to a system for
correcting for phase shift in signals propagating through a
motor control system.

DESCRIPTION OF THE ART

Induction motors commonly include a rotor and a stator,
the rotor positioned within a cylindrical stator frame and
including a plurality of rotor windings equispaced about an
external wall. An internal surface of the stator frame forms
longitudinally running winding slots which receive stator
windings. In this type of motor, each stator winding is
connected to an AC voltage source by a separate line, the
source generating an alternating current therein.

As the stator currents alternate, a wave of magnetic field
flux, directed radially toward the rotor, rotates around the
axis of the rotor. The relative motion between the stator flux
wave and the rotor windings induces an alternating voltage
and current 1n each of the rotor windings. The alternating
rotor currents, in turn, produce a magnetic rotor flux directed
outwardly toward the stator. Because of the interaction
between the flux fields, the rotor encounters a force tending
to rotate the rotor as the stator currents alternate. A shaft
connected to the rotor rotates therewith, a distal end of the
shaft being connected to a load.

Typically a motor controller is used to control motor and
shaft speed. Ideally, the controller receives a reference
velocity signal and produces signals which provide currents
in the stator windings that impart a torque to the rotor for
rotating the rotor at the reference velocity.

In reality, however, various motor parameters change
during operation so that the relationship between voltages
provided across stator windings and the speed at which the
rotor rotates is not linear. As a result, identical voltages
across the stator windings may drive the rotor at different
velocities at different instances depending upon the instan-
taneous states of various motor parameters.

For example, as current flows through stator and rotor
windings the temperature of both rotor and stator windings
increases. As winding temperature changes, winding resis-
tance changes which in turn affects the stator winding

currents. This alters the stator-rotor torque relationship
which finally affects shaft speed.

Because of fluctuating motor parameters, where precise
shaft velocity is required, a feedback loop is often used to
monitor motor velocity. The controller uses feedback infor-
mation to determine how the stator winding voltages must
be altered to compensate for unexpected system parameters,
and then, ideally, adjusts control signals accordingly to
ensure stator winding voltages that drive the motor at the
desired reference velocity. Where system parameter changes
occur gradually, such as stator winding resistance due to
gradual temperature fluctuation, a simple feedback loop is
usually sufficient. However, where system parameters
change quickly at high frequencies, often a simple feedback
loop can exacerbate velocity control problems as the control
system cannot instantaneously alter motor velocity as a
function of feedback signals. One such quickly fluctuating
motor parameter is torsional shaft rotation.

Upon starting a motor, when stator and rotor fields are
produced and the stator field rotates about the rotor, the rotor
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experiences rotational torque. Nevertheless, the load still
tends to remain stationary as the rotor begins to rotate. The
shaft linking the rotor and load experiences a twisting force
which effectively stresses the shaft into the direction of rotor
rotation. The shaft operates as a torsional spring storing the

energy of the twisting force. Once the rotor and load reach
a substantially steady state speed, the energy of the twisting
force is unloaded tending to sling the load around the axis of
rotation to an increased velocity which is faster than the
rotor velocity.

As the load is slung around, the shaft experiences a
twisting force in the opposite direction, storing the energy of
the force as an oppositely loaded torsional spring. This
twisting force phenomenon continues to oscillate back and
forth loading the shaft in one direction and then in the
opposite direction. Each time the load is slung past the
velocity of the rotor it imparts some velocity change to both
the shaft and rotor. These velocity changes show up in the
velocity feedback signal as a relatively high frequency
resonating component so that the velocity feedback signal
resonates about the desired reference velocity. The resonat-
ing frequency and extent of torsional shaft rotation are both
functions of both motor design nuances and the load driven
by the motor. Larger loads tend to have more momentum and
hence spring back and forth at a slower rate (i.e., lower
frequency). |

Torsional shaft rotation is problematic for a number of
reasons. First, this rotation results in noisy motor operation
as fluctuating velocity vibrates both the load and the rotor.
Second, and perhaps most importantly, as the load and shaft
vibrate, the shaft often heats up to the point where the shaft
and adjacent motor components may be either damaged or
destroyed. Because the extend of torsional shaft rotation is
a function of motor design nuances and load, it is extremely
difficult to provide a solution to the problem that will work
in all instances.

With feedback loops, the idea is to determine the error
between desired and actual velocities and alter torque deliv-
ered to the motor in order to conform the actual velocity to
the desired velocity. Hence, where the torsional force is
instantaneously driving the shaft past the desired velocity in
the clockwise direction, a torque in the counterclockwise
direction of a magnitude equal to that of the torsional force
can be provided. Unfortunately, processing delays inherent
in all electronic feedback loops render simple feedback
loops unable to compensate for velocity errors where high
frequency resonance exists.

Most controllers include digital and/or analog control
circuitry. Each controller calculation requires a finite amount
of time to complete. The plurality of calculations required to
generate control signals can often take a fraction of a second.
This means that by the time a feedback signal is compared
to a reference signal and a corrected torque signal propa-
gates through the controller to adjust motor torque to com-
pensate for a velocity error, the corrected motor torque is out
of phase with the original velocity error (i.e., is later in time
or “lags” the velocity error). Any correction based on a
lagging motor torque can alter the instantaneous rotor veloc-
ity in an unintended manner, thus exacerbating the velocity
error problem. While minimal lag is tolerable as the feed-
back loop can compensate for the majority of velocity error,
excessive lag cannot be tolerated.

One way to correct for the phase shift in the correction

signal is to provide delay means in the feedback loop to
phase shift the corrected torque signal further. Because the

resonant velocity error due to torsional shaft rotation is
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periodic, if the corrected motor torque is phase shifted
sufficiently, the corrected motor torque corresponding to a

velocity at a first instance can be used to correct a velocity
error at a second instance approximately one-half period

after the first instance. After additional phase shifting, if the
feedback and correction signals are approximately 180° out
of phase, the velocity error can be eliminated.

Delays have been provided by using analog capacitor-
resistor networks in the feedback loop as known in the art.
By providing adjustable value resistors, variable delay can
be introduced into a circuit. While effective, the analog
solution is relatively clumsy as it can require many adjust-
ments to shift the corrected signal appropriately and such

adjustments must be manually made by tweaking appropri-
ate hardware.

A relatively effective way to correct for high frequency
parameter changes such as torsional shaft rotation, is to
employ an adjustable digital filter feedback loop that phase
shifts the corrected motor torque in either the lagging or
leading directions. By allowing filter parameters to be
altered, the degree of phase shift can be changed somewhat
to provide better damping characteristics. This type of
system is advantageous over the analog solution because it
is more versatile and parameters can be altered by way of

software.

Unfortunately, adjustable digital filters have proven effec-
tive for only some degrees of phase shift while other degrees
cannot be achieved without driving the controller into an
unstable state. For example, most first order filters can only
phase shift a correction signal or torque a maximum of
approximately 40°, and that maximum can only be achieved
under specific and ideal circumstances, the typical maxi-
mum being much less than 40°. Where controller phase shift
is approximately 90°, even the maximum additional shift
(i.e., 40°) results in a total shift of 130°, far less than the
desired approximately 180°.

Where an adjustable filter cannot affect appropriate
damping, analog damping systems must be specially
designed to accommodate specific loads. This is extremely
costly and time consuming.

Thus, it would be advantageous to have a filter that could
compensate for phase lag in a feedback signal to account for

phase shift due to controller signal propagation delay regard-
less of the degree of propagation delay.

SUMMARY OF THE INVENTION

The present invention includes a method to be used with
a motor controller for reducing phase shift between a
feedback signal and a correction signal. The feedback signal
is compared by the controller to a reference signal to provide
the correction signal used to alter motor control signals. The
method comprises the steps of deriving a feedback signal.
determining the degree of phase shift between the feedback
signal and the correction signal, changing the correction
signal according to a transfer function to produce a filtered
signal, wherein the transfer function is the following func-
tion:

Kns + Wy
§ + Dy

where k_ and o, are variables, 0, 1s always greater than
zero, and k,, is negative when the correction signal was
phase shifted mmto a medium frequency range between a
small angle that is greater than 75° and a large angle that is
less than 105°.

Hence, one object of the present invention is to provide a
filter compensator which can phase lag a signal by a greater

(1)
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degree than other conventional filter mechanisms. Whereas
other filter mechanisms typically only phase lag correction
signals by a maximum of X degrees under ideal circum-
stances prior to driving a controller into an unstable state, the
filter of the present invention can, under certain
circumstances, phase lag a signal by at least 2X, twice as
much, without causing an unstable condition. Hence, even
where controller phase lag is approximately 90°, the present
filter can promote additional lag so that the resulting cumu-
lative lag approaches 180° and the time delay and resulting

velocity error can be compensated for.

Preferably, the small angle is 85° and the large angle is
05°. Most preferably, the small angle is 88° and the large
angle is 92°. In one embodiment, the step of changing the
correction signal includes a step of multiplying the correc-
tion signal by the transfer function. In another embodiment,
the step of changing the correction signal includes a step of
multiplying the feedback signal by the transfer function.
Thus, the present inventor has realized that the inventive
filter can be used at any point in the feedback loop, including
the feed forward portion, to compensate for controller time
delay.

In a preferred embodiment, it the feedback signal is phase
shifted less than the small angle, the correction signal is
changed according to the transfer function to produce a
filtered signal wherein k, is greater than 1. If the feedback
signal is phase shifted past the large angle, the correction
signal is changed to produce a filtered signal according to the
transfer function wherein k, is greater than or equal to 0 and
less than or equal to 1.

Thus, another object of the present invention 1is to provide
a filter mechanism which can add phase lag or phase lead to
a correction signal to compensate for any degree of phase lag
between the correction signal and the feedback signal. By
equating k, with a value greater than 1, phase lead can be
provided. By equating k, with a value greater than or equal
to 0 and less than or equal to 1, a lesser degree of phase lag
can be provided for instances where controller phase lag is
much greater than 90°.

Also, in a preferred embodiment, where the phase lag due
to controllier calculation time is within the medium range,
the k, value is set equal to —1. By setting the k,, value equal
to —1 and appropriately adjusting the @, value, the filter of
the present invention operates as a transport function which
phase lags the correction signal appropriately without affect-
ing the magnitude of that correction signal.

In addition to the method described above, the present
invention also contemplates an apparatus which can be used
with the method for motor control.

The foregoing and other objects and advantages of the
present invention will appear from the following descrip-
tion. In the description, references made to the accompany-
ing drawings which form a part hereot, and in which there
is shown by way of illustration and preferred embodiment of
the invention. Such embodiment does not necessarily rep-
resent the full scope of the invention, however, a reference
is made therefore to the claims herein for interpreting the
scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic showing a motor controller includ-
ing a feedback loop according to the present invention;

FIG. 2 is a graph illustrating signals at various points in
the controller of FIG. 1;

FIG. 3 is a graph similar to the graph of FIG. 2 illustrating
phase lead compensation; and

FIG. 4 is a graph similar to the graph of FIG. 2 illustrating
phase lag compensation.
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DETAIL DESCRIPTION OF THE EMBODIMENT

Referring to FIG. 1. the present invention will be
described in the context of an exemplary control controller
10 for controlling an AC induction motor 12. The controller
10 receives a reference velocity signal @, and generates
voltages on lines 16, 17, and 18 for exciting stator windings
of the AC motor 12. The voltages in the stator windings
produce currents which induce magnetic fields in the stator.
Each of the three voltages is sinusoidal and the voltages are
out of phase by 120° so that the currents alternate and the
stator magnetic field rotates about the stator. When the stator
magnetic fields rotate they induce current in the rotor
windings and a rotor magnetic field that interacts with the
rotating stator field. The interaction between fields provides
arotating torque to the motor which tends to rotate the rotor
about a rotation axis at a motor velocity approximately equal
to the reference velocity ,. In order to ensure that the motor
velocity ©,, is nearly identical to the reference velocity ©,,
a teedback loop is provided.

The tfeedback loop includes an encoder 20 that detects the
angular displacement 6, of the rotor and produces a motor
velocity signal ®,,. The motor velocity signal w,, passes
through a digital sampler 31 and the filter 27 of the present
invention, which is described in more detail below, to
produce a filtered motor velocity signal ®,, and digital
motor velocity signal @, which are both provided to the
controller 10. As well known in the art, the controller 10 is
a proportional-integral (PI) controller. The controller 10 uses
the digital sampler and filter and velocity signals ®,, and ®,,,

to correct for differences between the actual motor velocity
and the reference velocity ,. At steady state, the reference

velocity @, remains constant whereas the actual digital and
filtered signals ®,,, ®, - may fluctuate about the reference
velocity @, due to changing motor parameters.

For the purpose of explaining the problem solved by the
invention, it will be assumed that the value of k, in the
inventive filter 27 is 1 so that the filter transfer function
reduces to 1 and the feedback loop is effectively filter free.
Where this is the case, ®,,=0,,. Referring also to FIG. 2, a
typical reference velocity signal @, and associated motor
velocity signal ®,, can be observed. In FIG. 1, a digital
sampler 30 receives the reference velocity signal @, and
produces a digital reference signal which is provided to the
PI controller 10 on line 29. When the controller 10 receives
the reference and motor velocity signals ®,, @, ., each signal
®,. ®,, 1s supplied to both legs of the PI controller 10. In the
proportional leg, the reference signal @, is stepped up by a
constant k. producing a stepped up reference signal ', that
has a value suitable for calculations (i.e., suitable for com-
parison to the motor velocity signal ,,)). Within the pro-
portional leg, a summer 40 is used to subtract the motor
velocity signal ©,, from the stepped up reference velocity
signal , to produce an error signal €,. Similarly, in the
integral leg, a second summer 32 is used to subtract the
digital motor velocity signal ,, from the digital reference
signal ®, to produce an error signal €.

The error signals €, and €; are provided to proportional
and integral blocks 42, 37 respectively, which cooperate to
increase the speed at which the controller 10 can alter motor
velocity to eliminate velocity errors. Operation of the pro-
portional and integral legs of the PI controller is well known
in the art and hence will not be explained here in detail. The
outputs from the proportional and integral blocks 42, 37 are
added at a third summer 48 to produce a torque signal T,
which 1s provided to other control circuitry 70 which in turn
generates voltages on lines 16, 17, and 18. The voltages on
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lines 16, 17, and 18 alter torque delivered to the motor 12
and hence alter motor speed as a function of the torque
signal T_.

For the purposes of simplifying the description of this
invention, a motor torque T, will be identified as the torque
actually delivered to the motor 12 as a result of the torque
signal T . The motor torque T, is not a directly generated
value, but is rather the result of altered stator winding
voltages as a function of the torque signal T provided by the
PI controller. The motor torque T,, has a motor velocity

altering effect which will be referred to herein as velocity
correction A.

Upon starting a motor, a reference velocity signal @, is
provided to the controlier 10. Because the motor is initially
at rest, the motor velocity signal ®,, is initially zero and both
error signals €, and ¢; equal the reference velocity ©,. At
start-up, the control circuitrty 70 produces voltages and
begins to accelerate the rotor. Over the course of a start-up
period, the motor velocity ,, increases until the motor
velocity ,, is equal to the reference velocity ©,_, the efror

signals €, and €; arc reduced to zero, and the voltages on
lines 16, 17, and 18 reach a steady AC state.

During operation, however, as motor parameters change
due to torsional shaft rotation or the like, the motor velocity
®,, fluctuates about the reference velocity @, so that the error
signals €, and €; continuously hover around a zero value,
being periodically positive and negative. These fluctuations
result from torsional energy stored in the shaft that produces
a torsional force that oscillates between the clockwise and
counterclockwise directions about the shaft axis.

In correcting for these motor velocity deviations, the
object is to provide torque in a direction which opposes and
which compensates for the torsional force. Hence, when the
torsional force is rotating the shaft in a clock-wise direction,
an equal and opposite force in the counter clock-wise
direction can be provided. Similarly, when the torsional
force is acting in the counter clock-wise direction, a com-
pensating force is provided in the clock-wise direction.

Ideally the control system would be able to instanta-
neously determine motor velocity deviations, alter the ref-
erence velocity signal ®, to compensate for the velocity
deviations, and produce correcting motor torque that would
counter the torsional rotation forces resulting in a motor
velocity @, equal to the reference velocity ©,.

In reality, however, after the motor velocity @, is
sampled. the motor velocity signal ,, is used in a plurality
of complex calculations to generate a desired correcting
torque signal T and then to produce line voltages that will
generate a compensating and correcting motor torque T,,
which results in the appropriate velocity correction Awm.
While each calculation requires only a short period to
complete, the cumulative time required to complete neces-
sarily sequential calculations adds up to produce a delay T,
between the time at which the motor velocity is sensed and
the time at which the motor torque T,, can be provided to
correct for velocity deviations. The result is that compen-
sating motor torque T,, is often out of phase with the
velocity errors that give rise to the compensating motor
torque T,, and hence the velocity correction A® is also out
of phase. Where this is the case, compensating motor torque
T,, can exacerbate motor control problems.

This phase shifting only minimally effects the integral leg
of the PI controller. Because the integral leg integrates
deviations over a relatively long period, the effects of the
periodic deviations integrated generally cancel each other.
Hence, even though the motor torque ,, and resulting
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correction due to the integral leg are out of phase, this
correction does not appreciably affect high frequency veloc-
1ty errors.

However, the phase shift between motor velocity mea-
surement and the velocity correction Aw® greatly affects
output of the proportional leg which reacts to instantaneous
high frequency velocity changes and hence greatly affects

motor operation.

Referring still to FIG. 2, because of processing time
required to produce the error signal ¢, the error signal €,
itself would probably be out of phase slightly. Nevertheless,
for the purpose of this description, it will be assumed that the
error signal €, is in phase with the motor velocity. However,
because of controller time delay T . the velocity correction
Aw lags the motor velocity signal ®,, by a controller phase
angle @..,. Where this is the case, there will be times when
the motor torque T, and resulting velocity correction A®
tend to increase motor velocity where it is desired to
decrease the velocity and vice versa.

For example, at T,, where the error signal €, is equal to
zero, because of the phase lag @, instead of generating
zero motor torque T,, and zero velocity correction A@ as
desired, the velocity correction A® will be A®,, which tends
to siow the motor. Between times T, and 1,, the motor torque
T __ will continue to slow the motor even though, referring to
the motor velocity signal ®,. clearly a motor torque T, and
velocity correction A® tending to increase motor velocity
©,, 1s desired. Between times T, and 75, the velocity cor-
rection Awis in the correct direction, tending to speed up the
motor. however, it 1s of an imperfect amplitude because it is
not symmetrical with the second portion of the motor
velocity signal ©,,..

When the motor velocity ©,, and velocity correction A®
are out of phase, the velocity correction Aw will partially
correct for velocity errors during some portion of each
one-half cycle of the motor velocity @, (i.e. between T, and
T,) and will exacerbate errors during the other portion (i.e.
between 1; and 1,). The degree to which the velocity
correction A® corrects is a function of the extent of phase lag
between the motor velocity signal @, and the velocity
correction A®, and hence 1s a function of the controller time
delay T ..

Where the motor velocity signal @,, is characterized by a
relatively long period, a finite controller delay period T, may
be relatively minimal. Where this is the case it may be
desirable to use an unaltered motor torque T,, to change
motor velocity as the adverse effects of the delay will be
relatively minimal. However, where the motor velocity
signal ®,, 1s characterized by a short period, a finite con-
troller delay period T, will be relatively large resulting in a
large phase shift @, so that a velocity correction A®
adversely effects motor operation.

Because of the sequential nature of calculations required
to generate the motor torque T, and produce a velocity
correction A, the time delay T, for a specific controller
cannot be appreciably altered. However, where the time
delay T, for a specific controller is known and the frequency
of the resonating motor velocity signal can be determined,
the phase shift @, can be determined and additional phase
shift, either leading or lagging, can be provided. In this
manner, the motor torque T, and hence velocity correction
A can be placed more in phase with the motor velocity
signal ®,, to achieve better motor control.

Referring still to FIG. 2, the controller phase lag is @,
Referring also to FIG. 3, by adding phase lead ®_ equal to
the phase lag ®,, to the motor torque T, , the resulting
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velocity correction A® can be made more in phase with the
motor velocity signal @, and hence can correct for velocity
deviations.

Another solution to the phase lag problem is to phase lag
the velocity correction A so that when the additional phase
lag @, is added to the controller phase lag @, the total lag
approaches 180°. In FIG. 4, the velocity correction A is
phase lagged by ®, where @, is approximately 180°—®,,,.
If the resulting velocity correction A® (which is approxi-
mately 180° out of phase with the motor velocity signal ©,)
is inverted to produce inverted velocity correction A«', the
velocity correction A®' is in phase with the motor velocity
signal (9,),. -

Unfortunately, often when a signal is phase lagged using
a digital filter, the resulting signal amplitude is also atfected.
In other words, digital filters generally do not operate as pure
transport mechanisms in either the phase lag or lead direc-
tions. The degrec of amplitude alteration is typically a
function of the extent of phase lag or lead produced by the
filter. Hence, under certain circumstances, for example,
where controller produced lag is minimal (i.e.<20%), the
velocity correction A is sufficiently in phase with the motor
velocity signal that it can correct for velocity fluctuations
and therefore no filtering is required.

Where phase lag due to a time delay T, is substantial yet
relatively minimal (i.e. between 20° and 85°), phase lead
techniques are preferable to phase lag because the signals
need only be shifted through arelatively small angle in order
to achieve acceptable control. For example, where controller
phase lag is approximately 60 degrees, by adding phase lead
of 30 degrees, the velocity correction A® can be brought into
an acceptable phase relationship with the motor velocity ®,,
without substantially altering the amplitude of the velocity
correction A®. Similarly, where phase lag is relatively large
(i.e., between 95° and 160°), phase lag techmiques are
preferable.

Referring again to FIGS. 1 and 2, in order to determine the
degree of phase lag ®..,, and hence how a velocity correc-
tion Aw must be shifted to correct for velocity errors, a
resonating frequency f,,. of the motor velocity signal ®,,
must be determined. To this end, the digital motor velocity
signal @, can be provided to a fast fourier transform (FEFT)
module 54 which performs an FFT on the digital signal @,
to produce the resonating frequency signal f,,.. The phase
lag can be determined from the resonating frequency f,, . and
the time delay T, according to the following equation:

Q’Td: Wrc.s' Td:wre.s‘Td (2)

where @, is the phase shitt due to the controller time delay
T, and ®,, is the resonating velocity in radians. From
equation 2 it can be observed that the phase shift @,
increases where either the time delay T, or the resonating
frequency £, increases. The frequency signal £, . is supplied
to a shift calculator 56 which calculates the phase shift @,
between the motor velocity signal @,, and the velocity
correction A® according to Equation 2. The phase shitt @,
is output to an operator by a digital readout or the like (not
shown). Once controller phase lag ®,, is determined, an
operator can determine how the motor torque T,, and veloc-
ity correction should be shifted according to the principles
identified above.

Referring again to FIG. 1, the filter according to the
present invention implements the transfer function of Equa-
tion 1 where k,, and ®,, are constants, ©,, 1s always positive,
and k, can be positive, zero, or negative, depending upon the
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required lag or lead compensation. Both k, and ®,, are input
by an operator using a keypad or the like (not shown) as a
function of both phase shift ®,, and the additional phase
shift @, required to shift the velocity correction A® into
acceptable orientation with respect to the motor velocity @,,. s
Given the filter transfer function as expressed in Equation

2. it has been determined that there are four different
categories of values that can be used for k_, each of which

affects phase shift in a different manner.

The effect of k,

Referring to again Equation 1, by dividing the numerator
by the denominator to provide the first three terms in a
series, equation 1 can be represented as:

10

(kn — 1)
—

(3)

+_£.k:‘_'_ﬂ_ 15

o 52 +

1

L)

If a time delay is small, it is possible to approximate the time
delay transfer function by the truncated power series:

S 754
2

) 20
e~ld=]1 —sTy +

—

Equations 3 and 4 are of similar forms, but the third terms
are different and hence the two equations are not completely
comparable. However, because the first two terms in each
equation dominate the solution of each equation, what is
known about one equation can be used to understand some
general characteristics of the other equation. For example,
by setting the time delay T ,, from Equation 4 equal to the
similar term in Equation 3, Equation 5 can be derived:

25

30

1 -k, (3)

Wy

Taa =

Equation 5 can be used to establish how different k ,, values
generally affect phase shift and time delay.

For example, where kK, is greater than 1, the added time
delay T ,, will be negative, despite the magnitude of ®,. An
negative time delay T,, indicates phase lead added to a
system. Similarly, where k, is greater than or equal to zero
and less than 1, the time delay T, will be positive indicating
that a phase lag is being added to the system. Where k, is 1,
the time delay T,, is zero and hence, at this limiting
condition, no phase shift is introduced into the system.

Importantly, for the purposes of the present invention, it
has been determined that extreme phase lag, greater than that
which can be realized by using other filter systems, can be
generated by setting k, equal to a negative value. For
example, the greatest amount of phase lag that can be
generated using any non-negative value of k, is 1/m, where
k, is equal to zero (this is a limiting case at which @, is
defined to be a low pass filter bandwidth). By setting k
equal to negative 2, the time delay lag T ,, can potentially be
increased three fold to 3/,,. By setting k_ equal to negative
4, the time delay lag T, can potentially be increased five
fold to 5/m,.

In addition, while negative k, values result in large phase
lags, phase lags produced with negative k_  values alter
velocity correction A amplitudes relatively less than lags
provided with positive k, values. Hence, more lag can be
introduced with less amplitude variation.

It should be noted that these figures correspond to Equa-
tion 5 which, as already indicated, is not entirely accurate
but is only an approximation of the time delay T,,.
Nevertheless, these figures give some indication of what can
be expected by setting k equal to certain values. In addition,
these forms generally conform to experiments wherein dif-
ferent values of k, have been used to alter phase shift.
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Referring again to Equation 3, in the special circumstance
where k, is equal to negative 1, at least the first three terms
of Equations 3 and 4 assume identical form. In this case,
setting k, equal to negative 1 in Equation 5, an extremely
precise value of time delay T, can be expressed as:

Tﬂ=2/&) -

(6)

Where a large phase lag must be added to a system k, can
be set equal to negative 1 and ©, can be adjusted accordingly
to provide desired phase lag. Where kn=-1, the transfer
function of Equation 1 represents a pure time transport and
very little amplitude variation takes place as a result of the
lag.

In situations calling for additional phase lag, the object is
to add an amount of phase lag @, to the system that
approximately compliments the controller produced phase
lag @, (i.e. the phase shift @, from the time delay T, and
added shift @, due to the added time delay T,, should be
approximately equal to or greater than 7 radians or 180
degrees). The amount of added phase lag @, resulting from
added time delay T,, can be determined according to the
following equation:

q}A =2Tgprﬂ ) TDA =g Tdfl

Combining Equations 6 and 7 and solving for @,:

(7)

2Ores
(Dn — (DA

(8)

Because the phase shifts should total approximately 180
degrees, @, is equal to (28.64 rad. —~P..,) and therefore:

2 Opes
 mrad. — ‘1’13

()
Oy

Combining Equations 2 and 9 and simplifying:

2 Wpes
B (T rad. — TgWres)

Thus, where ®@., from Equation 2 is within the problem
zone between 85 and 95 degrees, k, can be set to negative
one and an approximate value of @, can be determined from
Equation 10 as m,,, and the controller time delay T, are both
known. While ®,, from Equation 10 should be substantially
correct, due to some inevitable amplitude variation in the
velocity correction A® caused by the phase shift, the value
of ®, may have to be fine tuned to achieve the best possible
balance between additional phase shift ®, and amplitude
variation, This can easily be achieved by the controller
Operator.

While the above description details various elements of an
apparatus including the filter according to the present
invention, it should be understood that all of the elements,
including the filter, are meant to be implemented in
softwares, computer programs, and represent algorithms for
execution by conventional-type digital processors adapted
for industrial applications such as a model 8196 micro-
electronic processor that is supplied by INTEL Corporation
of Santa Clara, Calif.

It should be understood that the methods and apparatuses
described above are only exemplary and do not limit the
scope of the invention, and that various modifications could
be made by those skilled in the art that would fall under the
scope of the invention. To apprise the public of the scope of
this invention, we make the following claims:

I claim:

1. A method to be used with a motor controller for
reducing phase shift between a feedback signal and a

(10)
Wn
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correction signal, the feedback signal compared by the
controller to a reference signal to provide the correction
signal used to alter motor control signals, the method
comprising the steps of:
deriving a feedback signal;
determining the degree of phase shift between the teed-
back signal and the correction signal;

changing the correction signal according to a transfer
function to produce a filtered signal, wherein the trans-
fer function is the following function:

knS + Dy
5 + Oy

where k,, is a filter gain coefficient and ,, is a filter cutoff
frequency, ®,, is always greater than zero, and k,, is negative
when the feedback signal is phase shifted into a medium
frequency range between a small angle that 1s greater than 73

degrees and a large angle that is less than 105 degrees.
2. The method as recited in claim 1 wherein the smalil

angle is 85 degrees and the large angle is 95 degrees.
3. The method as recited in claim 1 wherein the small

angle is 88 degrees and the large angle is 92 degrees.
4. The method as recited in claim 1 wherein the step of

changing the correction signal includes the step of multi-
plying the correction signal by the transfer function.

5. The method as recited in claim 1 wherein the step of
changing the correction signal includes the step of multi-
plying the feedback signal by the transfer function.

6. The method as recited in claim 1 further including the
steps of:

if the feedback signal is phase shifted less than the small
angle, changing the correction signal according to the
transfer function to produce a filtered signal wherein k,

is greater than one; and

if the feedback signal is phase shifted past the large angle,
changing the correction signal to produce a filtered
signal according to the transfer function wherein k,
greater than or equal to zero and less than or equal to
one.

7. The method as recited in claim 1 wherein the controller
introduces a known time delay into the correction signal and
a periodic resonating signal is included in the feedback
signal and the step of determining a phase shift includes the
steps of:

(a) determining the frequency of the periodic resonating

signal; and

(b) mathematically combining the periodic resonating

signal and the time delay signal to determine the phase
shift.

8. The method as recited in claim 7 wherein the step of
mathematically combining includes the step of multiplying
the periodic resonating signal by the time delay signal to
determine the phase shift in radians.

9. The method as recited in claim 1 wherein k, is negative
1.

10. The method as recited in claim 7 wherein k, is
negative and:

2 Wres

S ——
(ﬂn_ ﬂmdﬁ_Tﬂrg;

where .. 1s the resonating frequency in radians and T, is
a time delay introduced into the correction signal by the
controller.

11. An apparatus to be used with a motor controlier for
reducing phase shift between a feedback signal and a
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correction signal, the feedback signal compared by the
controller to a reference signal to provide the correction
signal used to adjust motor control signals, the apparatus
comprising:
a sensor for deriving a feedback signal;
a calculator for determining the degree of phase shift
between the feedback signal and the correction signal;
a filter changing the correction signal according to a
transfer function to produce a filtered signal, wherein
the transfer function is the following function:

kns + Oy
s + Wy

where k. is a filter gain coefficient, and ©, 1s a filter cutoft
frequency provided to the filter and wherein @,, is always
greater than zero and k, is less than zero when the feedback
signal is phase shifted into a medium frequency range, the
medium frequency range between a small angle that is
greater than 75 degrees and a large angle that is less than 105
degrees, the filter producing a filtered signal; and

an invertor for inverting the filtered signal to produce an

inverted signal.

12. The apparatus as recited in claim 11 wherein the small
angle is 85 degrees and the large angle is 95 degrees.

13. The apparatus as recited in claim 11 wherein the small
angle is 83 degrees and the large angle is 92 degrees.

14. The apparatus as recited in claim 11 wherein the filter
includes a multiplier that changes the correction signal by
multiplying the correction signal by the transfer function.

15. The apparatus as recited in claim 11 wherein the filter
includes a multiplier that changes the correction signal by
multiplying the filter signal by the transfer function.

16. The apparatus as recited in claim 11 wherein:

if the feedback Signal is phase shifted less than the small
angle, the filter changes the correction signal according
to the transter function to produce a filtered signal
wherein k, is greater than one; and

if the feedback signal is phase shifted past the large angle,
the filter changes the correction signal to produce a
filtered signal according to the transfer function
wherein k,, greater than or equal to zero and less than
or equal to one.

17. The apparatus as recited in claim 11 wherein the
controller introduces a known time delay into the correction
signal and a periodic resonating signal is included in the
feedback signal and the calculator includes a frequency
sensor to determine the frequency of the periodic resonating
signal and a combining means for mathematically combin-
ing the resonating signal frequency and the time delay signal
to determine the phase shift.

18. The apparatus as recited in claim 17 wherein the
combining means includes a multiplier for multiplying the
resonating signal frequency by the time delay signal to
determine the phase shift in radians.

19. The apparatus as recited in claim 11 wherein k,, is
negative 1.

20. The apparatus as recited in claim 17 wherein:

2 Wy

S e —————
W = 7 rad. — Tx0,.

where ®,,, 1s the resonating frequency in radians and Td 1s
a time delay introduced into the correction signal by the
controller.
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